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Quantum Beam Science-Applications to Probe or Influence Matter and
Materials
Abstract

The concept of quantum beams unifies a multitude of different kinds of radiation that can be considered as
both waves and particles, according to the quantum mechanical model. Examples include light, in the form of
X-rays and synchrotron radiation, as well as neutrons, electrons, positrons, muons, protons, ions, and photons.
While the past century saw the discovery of these types of radiation and particles along with the investigations
of their physical properties and their fundamental interaction with matter, the current century focuses
extensively on their applications to characterize and understand materials in their broadest context, under all
imaginable conditions. X-rays diffract to deliver crystal structures, while muons probe for the local magnetism
in such crystals. Similarly, neutrons diffract and probe for magnetism, while both γ-rays and positrons allow to
measure the electronic density of states; or again X-ray, neutron or electron diffraction probes for crystal
defects in addition to ion beam channeling. Because of their penetration, X-rays, neutrons and muons can be
used for imaging, such as radiography and tomography. At the same time, the types of quantum beams are
different in which information can be obtained when investigating a particular material. Take the difference in
cross-sections between neutrons and X-rays, respectively emphasizing the light or the heavy elements in a
compound or alloy. While neutrons diffract from nuclei and, as elementary magnets via their spins, they allow
determination of crystal and magnetic structure via crystallographic methods. Muons, on the other hand, can
be embedded as interstitials into crystals, locally probing the site and its surrounding electromagnetic
potential landscape. There is much interest in the dynamics of matter-how electricity and heat are transported
through a crystal, related to inelastic scattering of quantum beams. Again, neutrons win overall for the
investigation of phonons, while visual light scattering in the form of Raman spectroscopy is much easier to
conduct and delivers complementary information.
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1. Introduction
The concept of quantum beams unifies a multitude of different kinds of radiation that can be
considered as both waves and particles, according to the quantum mechanical model. Examples
include light, in the form of X-rays and synchrotron radiation, as well as neutrons, electrons, positrons,
muons, protons, ions, and photons. While the past century saw the discovery of these types of
radiation and particles along with the investigations of their physical properties and their fundamental
interaction with matter, the current century focuses extensively on their applications to characterize
and understand materials in their broadest context, under all imaginable conditions. X-rays diffract
to deliver crystal structures, while muons probe for the local magnetism in such crystals. Similarly,
neutrons diffract and probe for magnetism, while both γ-rays and positrons allow to measure the
electronic density of states; or again X-ray, neutron or electron diffraction probes for crystal defects
in addition to ion beam channeling. Because of their penetration, X-rays, neutrons and muons can
be used for imaging, such as radiography and tomography. At the same time, the types of quantum
beams are different in which information can be obtained when investigating a particular material.
Take the difference in cross-sections between neutrons and X-rays, respectively emphasizing the
light or the heavy elements in a compound or alloy. While neutrons diffract from nuclei and, as
elementary magnets via their spins, they allow determination of crystal and magnetic structure via
crystallographic methods. Muons, on the other hand, can be embedded as interstitials into crystals,
locally probing the site and its surrounding electromagnetic potential landscape. There is much
interest in the dynamics of matter—how electricity and heat are transported through a crystal, related
to inelastic scattering of quantum beams. Again, neutrons win overall for the investigation of phonons,
while visual light scattering in the form of Raman spectroscopy is much easier to conduct and delivers
complementary information.
2. Facilities and Sources
Quantum-beam sources vary by many orders of magnitude in both beam parameters and physical
size, ranging from the table-top to multi-billion-dollar large user facilities. The best example is X-rays.
Any laboratory can afford an X-ray tube source, and a little more sophisticated, a rotating anode or even
a modern liquid–metal–jet microfocus anode. The next step is particle-accelerator based synchrotron
radiation, producing very soft X-rays with storage rings of only a 10 m circumference, climbing to
100 m ranging for very common 3 GeV machines and up to several 1000 m sized flagship synchrotrons
that produce high energy X-rays. Such large facilities can host up to 50 beamlines in parallel and
generate dedicated radiation from the infrared through ultraviolet to X-ray and gamma rays [1]. To top
the brightness obtainable at synchrotrons, X-ray free-electron-lasers recently became operational at the
Linac Coherent Light Source (LCLS) in the USA [2] and the SPring-8 Angstrom Compact Free Electron
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Laser (SACLA) in Japan [3]. A European X-ray Free-Electron Laser (X-FEL) is being commissioned in
Germany [4]. In those facilities, synchrotron-like insertion devices of typically a few meters in length
are expanded to lengths of several hundred meters and X-ray light is emitted coherently [5]. All these
sources and facilities cover differences in brilliance of over 25 orders of magnitude—some of the largest
ranges of magnitude found in modern technology!
As large on a technological infrastructure and user-base scale are the neutron facilities. In the early
laboratory-based days, neutron irradiating radioactive sources were used, until nuclear-reactor sources
came along in the 1940s. Dedicated neutron facilities such as the Institut Laue Langevin (ILL), hosting
over 40 instruments, became the state-of-the-art multi-user facilities where high-flux, compact cores
are used, and beams are guided away from the reactor to dedicated instruments [6]. More recently,
spallation sources have been developed, of which flagships are the Spallation Neutron Source (SNS)
in the USA [7] and J-PARC in Japan [8], to be soon followed by the European Spallation Source (ESS)
project in Sweden [9]. In such sources, highly accelerated proton beams are sent to a target evaporating
neutrons from its nuclei, called spallation. Beams can be pulsed in time to allow energy-dispersive
neutron detection by time-of-flight analysis, maximizing use of the created neutrons.
Because low-energy muons can be produced by a similar proton beam, such facilities are often
located with spallation neutron sources. Furthermore, neutrons and muons cover an overlapping
community for solid-state matter research, for whom the logistics of such a symbiosis is highly
beneficial. Examples are the ISIS facility in the UK [10], J-PARC in Japan [11] and the Paul Scherrer
Institute (PSI) in Switzerland [12], while the muon source at TRIUMF in Canada is based on a proton
cyclotron [13].
Positrons are either produced by radioactive β+ decay or by pair production from a high-energy
γ photon, above 1.022 MeV. The latter is achieved at the reactor FRM-II in Munich, Germany by
exploiting the neutron capture reaction 113 Cd (n,γ) 114 Cd yielding primary γ photons with an energy
of 9.041 MeV [14]. Inverse Compton scattering of laser photons at accelerated electrons can reach
these energies, meaning future positron sources will be based at neutron and accelerator facilities. The
community is relatively small, however ambition is high to erect facilities with stronger beams.
The use of proton and ion-beam facilities is most diverse, as ions span in character from one single
proton to heavy nuclei. Many ion beams are applied in conventional laboratories, such as focused ion
beam milling for making nanoscopic specimens. Of high interest is the interaction of ions with matter,
such as radiation damage, channeling, treating of tumors and ions as a characterization method (such
as mass spectrometry). Stronger and high-energy ion beams are often used in creating exotic particles,
as in nuclear physics at the borderline of stability, and for particles containing higher quark flavors.
One of the largest projects is the international Facility for Antiproton and Ion Research (FAIR) being
constructed in Germany [15], aiming at fundamental science studied along with applied research on
bio- and hard materials.
Last but not least, lasers play a very important role in daily life and it will be out of scope to
discuss all their applications here. Of interest in the context of Quantum Beam Science is the interaction
of laser photons with other quantum beams, or with materials under extreme and exotic conditions,
and in pump-probe arrangements. An example is above-mentioned inverse Compton scattering,
nowadays developed and exploited at the Lawrence Livermore National Laboratory in the USA [16].
The Extreme Light Infrastructure (ELI) is a flagship project in Europe to produce laser driven quantum
beams. Terawatt to petawatt lasers create plasmas and particle acceleration in the range 10 MeV up
to 100 MeV, enough particle energy to create all kind of quantum beams including directly produced
electrons, protons and ions, and secondary beams of X-rays, γ-rays, neutrons and positrons [17]. Such
sources will pioneer not only capabilities in nuclear physics, but also the characterization of solid
state materials and their properties. For example, high-flux, high energy γ photons not only allow for
high-energy X-ray diffraction, but also to perform nuclear spectroscopy in solid state materials, related
to novel imaging techniques.
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3. Applications to Condensed Matter Physics and Materials
Much broader than the range of quantum-beam sources is their application to condensed matter
and materials, including functional materials, structural materials, soft matter and medical treatment,
i.e., the human body. It is out of the scope of this editorial to appraise the full capabilities of quantum
beam applications. As a single example, I work with penetrating radiation of both neutrons and
high energy synchrotron X-rays [18]. Neutrons typically show attenuation lengths in the many
centimeter range while high-energy X-rays >100 keV penetrate up to a centimeter, say in steel and
medium-heavy metals and compounds. This gives the opportunity to study bulk properties of
crystalline and non-crystalline materials. When studying metals [19] interests range from engineering
over characterization to fundamental science. Strain scanning for the characterization of residual stress
is undertaken by both neutron and X-ray diffraction [20] and allow not only for the investigations
of stresses but also to determine load partitioning between phases and crystal orientations [21,22].
Generally, neutron beams are larger and penetrate further, while high-energy synchrotron X-rays
are of high brilliance and focused. They enable, respectively, fine statistical averaging, as needed for
texture analysis and quantitative phase analysis in even coarse-grained material [23], versus single
and multiple-grain studies scanned locally in a poly-crystalline matrix [24]. The complementarity in
scattering contrast is exemplified by titanium aluminides, where the Ti scattering length for neutrons
is negative while Al is positive, emphasizing large structure factors for superstructure reflections that
describe atomic order. This is in contrast to X-rays, for which both scattering lengths are positive,
rendering them sensitive to the overall structural packing [25]. Concepts of various quantum beams
may be similar, such as the dynamical theory of diffraction [26,27], which can be used to trace crystal
defects with neutrons [28], high-energy X-rays [29], and electrons [30], but on very different scales.
The advantage of using complementary and different quantum beams is well demonstrated by
the study of magnetism. Here, neutron scattering is the conventional probe, as the neutron itself is a
spin 12 elementary magnet which interacts with spins of atoms in a crystal structure and thus reveals
their arrangements. The interaction of X-rays with magnetism is extremely weak [31,32], however
tuning the X-ray energy to the absorption edge of the magnetic atom enhances its scatting by orders
of magnitude [33], making the method advantageous in certain situations, such as contrast variation
attained by tuning through the resonance and working with small specimens. Here a third quantum
beam comes into play, muons—elementary charged and spin 12 magnetic particles which easily implant
in crystal interstitials to probe the local magnetic fields, by techniques known as muon spin rotation
and relaxation [34].
Again, although just two examples have been given, the importance of quantum beam science
in thousands of disciplines cannot be emphasized enough. Quantum beams include synchrotron
radiation, neutron beams, electrons, lasers, muons, positrons and ions, while materials can be
crystalline, amorphous, magnetic, metallic, ceramic, biologic, hard and soft matter, warm dense matter,
functional, structural and so on. Quantum Beam Science covers a broad range of disciplines including,
but not limited to, solid-state physics, chemistry, crystallography, materials science, biology, geology,
earth and planetary materials, and engineering. Examples of investigations are phase transformations
in alloy development, modulated structures in spintronic systems, crystalline order and disorder,
stresses in engineering specimens, changes in amorphous structure, excitations in functional materials,
the interior of stars, electrochemistry in ion battery systems, imaging in life sciences, and propagation
of dislocations in crystals.
4. Welcome to Quantum Beam Science
With this editorial I would like to welcome authors, institutions and readers to the new
journal Quantum Beam Science. It is envisaged to cover sources, techniques, optics, properties and
instrumentation, from a scientific point of view and to expose their innumerable applications to an
interdisciplinary audience. Quantum Beam Science is supported by a renowned founding Editorial
Board, seeking growth, and Guest Editors for Special Issues. We have started with the call for the
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special issue Facilities, aiming to lay a basis and awaken interest in the journal. A dedicated special issue
Laser-Driven Quantum Beams is now in progress, demonstrating a new generation of powerful sources,
while other special issues concentrating on quantum beam applications will follow shortly. The goal of
the Editorial Board and the MDPI editorial staff is to make Quantum Beam Science a high-level scientific
journal with short turnaround time, welcoming authors, institutions, and readers to a bright future!
Conflicts of Interest: The author declares no conflict of interest.
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